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O ver 40 human papillomavirus (HPV) genotypes are known to infect the anogenital tract.
1 The International Agency for Research on Cancer has classified these types as being of either high oncogenic risk or low oncogenic risk according to their association with cervical cancer.
2 About 70% of all cases of cervical cancer can be attributed to HPV types 16 and 18, 2-4 which are of high oncogenic risk, and about 90% of all cases of genital warts are associated with HPV types 6 and 11, 5, 6 which are of low oncogenic risk.
Two HPV prophylactic vaccines are currently in clinical trials: one targets HPV types 6, 11, 16 and 18, and the other targets types 16 and 18 . Recent large, randomized, placebo-controlled trials have shown that the one targeting types 6, 11, 16 and 18 significantly reduced the incidence of type-specific anogenital and cervical lesions among women not previously infected with these virus strains. 7, 8 Given its efficacy and safety, this vaccine is now licensed for use in Canada and many other countries.
9,10
"Number needed to treat" has been used to describe the population outcome of chronic disease treatments. By analogy, "number needed to vaccinate" has been used for vaccine preventable diseases. 11 The number needed to vaccinate can be a helpful measure to illustrate the potential benefit of HPV vaccination, since it combines both the effect of vaccine efficacy and the age-specific background incidence of disease.
Because many of the benefits of prophylactic HPV vaccines will occur in the medium to long term, mathematical models are needed to project the impact of vaccination beyond the time horizon of clinical trials. The development of models are based on assumptions, which inevitably cause a level of uncertainty. In the case of HPV vaccination, it is particularly important to quantify the uncertainty surrounding model predictions, because the natural history of HPV is complex (it encompasses numerous stages of disease that depend on HPV type, screening and treatment) and the scientific literature on age-and type-specific natural history and transmission is limited. 12 Furthermore, important questions remain regarding HPV prophylactic vaccines, such as the duration of vaccine protection and the overall efficacy of the vaccines against cervical cancer (since surrogate outcomes were used for cervical cancer in clinical trials). 13 We sought to estimate the number needed to vaccinate to prevent HPV-related diseases and death and to quantify uncertainty around model predictions. Estimating the number needed to vaccinate to prevent diseases and death related to human papillomavirus infection Background: A vaccine against human papillomavirus (HPV) types 6, 11, 16 and 18 is now licensed for use in Canada and many other countries. We sought to estimate the number needed to vaccinate to prevent HPV-related diseases and death.
Methods: A cohort model of the natural history of HPV infection was developed. Model simulations were based on 209 different parameter sets that reproduced Canadian HPV type-specific data for infection, cervical intraepithelial neoplasia, cervical cancer and genital warts. The number needed to vaccinate was calculated as the number of women who would need to be vaccinated to prevent an HPV-related event during their lifetime.
Results: Among 12-year-old girls, we estimated that the number needed to vaccinate to prevent an episode of genital warts would be 8 (80% credibility interval [CrI] 5-15) and a case of cervical cancer 324 (80% CrI 195-757). These estimates were based on the assumption that the vaccine procures lifelong protection and that its efficacy is 95%. If vaccine protection is assumed to wane at 3% per year, the predicted number needed to vaccinate would increase to 14 (80% CrI 6-18) and 9080 (80% CrI 1040-does not prevent), respectively. The latter number would be greatly reduced with the addition of a booster dose, to 480 (80% CrI 254-1572). Interpretation: Our model predictions suggest that vaccination with the currently available HPV vaccine may significantly reduce the incidence of genital warts, cervical intraepithelial neoplasia and cervical cancer. However, the benefits (particularly in terms of cervical cancer reduction) are highly dependent on the duration of vaccine protection, on which evidence is currently limited.
Methods

Model structure
We developed a model that follows a cohort of 10-year-old girls through different cervical infection and disease states (susceptible, infected, immune, genital warts, grade 1 cervical intraepithelial neoplasia, grade 2 or 3 cervical intraepithelial neoplasia, cervical cancer) for 4 classes of HPV genotypes (type 16, type 18, other types of high oncogenic risk, and types of low oncogenic risk). The structure we used is identical to a previously published model 12 except that we included the natural history of genital warts. The model is static and therefore does not take into account herd-immunity effects following vaccination.
Model assumptions were as follows: there is no crossprotection between HPV types; transition rates between disease states are type-and age-specific; co-infections with 2 HPV types can occur; women infected with 2 HPV types follow the progression and regression rates of the most aggressive type; and lifelong immunity can develop following infection with HPV type 16 or 18 but not with other HPV types of high oncogenic risk or with types of low oncogenic risk. The model also accounts for screening and treatment outcomes. Women have an age-specific probability of being screened, and screening tests have a lesion-specific sensitivity of detecting cervical disease.
Model parameters
Demographic, screening and treatment parameters were estimated from available Canadian data; otherwise US data were used.
12 All estimates of natural history parameters were specific to the 4 classes of HPV (type 16, type 18, other types of high oncogenic risk, and types of low oncogenic risk) and to age. An extensive fitting procedure was performed to identify different sets of natural history parameters. Model fit was performed in 4 steps (these have been described in detail previously
12
). First, we conducted a literature search of prospective HPV studies published between 1995 and 2005. Each type-specific natural history parameter was assigned a prior uniform distribution between the minimum and maximum estimates found in the literature review (for prior distributions of parameter values and references, see Appendix 1, available online at www.cmaj.ca/cgi/content/full/177 /5/464/DC2). Second, 200 000 parameter sets were drawn from the uniform prior parameter distributions. Third, epidemiologic data specific to North America were identified, through a review of articles and reports, for model fit.
12-15 Whenever possible, data specific to Canada were used. Finally, parameter sets from step 2 were judged to produce "acceptable" fit if the associated model predictions fell simultaneously within pre-specified targets defined using the epidemiologic data from step 3. Of the 200 000 randomly sampled combinations of parameters, 209 sets of natural history parameters met our predefined goodness-of-fit criteria for prevalence and annual incidence of HPV, genital warts, cervical intraepithelial neoplasia and cervical cancer. (The fit criteria are described by Van de Velde and associates, 12 and the parameter values appear in Appendix I, available online at www .cmaj.ca/cgi/content/full/177/5/464/DC2.) The 209 identified parameter sets can loosely be considered as different models that allow thorough investigation of the impact of natural history assumptions and parameter uncertainty on model predictions.
Model simulations
Model simulations were based on the 209 posterior parameter sets identified during model fitting. The number needed to vaccinate is the number of women (within a specific age cohort) who would need to be vaccinated to prevent a single HPV-related event during their lifetime. The number needed to vaccinate (NNV) is calculated as follows: NNV = N ÷ P 1 , where N is the size of the vaccinated cohort, and P is the predicted number of HPV-related events prevented in the vaccinated cohort over its lifetime. In the case of the number needed to vaccinate to gain a life-year, we divided the size of the vaccinated cohort by the total number of life-years gained in the cohort by preventing deaths from cervical cancer. Results are expressed as the mean and 80% credibility interval (10th and 90th percentiles) of the 209 simulations. (Credibility intervals are the Bayesian analog to confidence intervals.)
Vaccine characteristics
For the base case, we made the following assumptions about the vaccine: initial vaccine efficacy is 95%, and vaccine duration is lifelong. These assumptions are based on results from clinical trials that showed that prophylactic HPV vaccines were highly effective for at least 5 years, that there is no evidence of waning efficacy and that the vaccine induces robust immune memory, which is the hallmark of long-term protection. 16, 17 Similar to other HPV vaccine modelling studies, [18] [19] [20] [21] we assumed that the duration of vaccine protection in the base case is lifelong. However, given the substantial uncertainty around this parameter, we varied the mean duration of protection between 30 years (assuming vaccine protection wanes at 3% per year) and life (previous antibody decay models, based on trial data for HPV type 16, have predicted that the median duration of detectable vaccineinduced serum anti-HPV-16 levels following vaccination range from 32 years to life
22
). We also present a worst case in which the mean duration of vaccine protection is 10 years. Duration is varied by assuming a constant waning of vaccine protection. In the sensitivity analysis, we varied vaccine efficacy between 70% and 100% to represent the 95% confidence intervals of the per protocol vaccine efficacy against HPV types 6, 11, 16 and 18 (70%-97%) and types 16 and 18 (81%-100%).
23,24
Because we were modelling prophylactic HPV vaccination, we did not include any therapeutic benefits to women already infected with HPV types targeted by the vaccine. Furthermore, we assumed that the natural history of disease would be unaltered following vaccine failure or loss of vaccine-induced immunity.
Vaccine strategies
For the base-case vaccine strategy, we assumed that the age at vaccination is 12 years. Sensitivity analysis was performed to evaluate the impact of age at vaccination and receipt of a booster dose (assumed to be at 22 years of age if duration of protection is less than lifelong).
Results
The numbers needed to vaccinate to prevent outcomes related to HPV infection in a cohort of 12-year-old girls are shown in Table 1 . The number needed to vaccinate to prevent an epi-sode of genital warts is low because 1 in 10 women are estimated to get genital warts in their lifetime, 14 many individuals have more than one episode of genital warts, 14 and about 90% of cases are associated with HPV types 6 and 11, which are the HPV types of low oncogenic risk included in the vaccine currently licensed for use in Canada. 5, 6 The number needed to vaccinate to prevent a life-year lost is also low because death from cervical cancer can occur in young women, and therefore preventing a death provides important gains in life-years.
If vaccine protection is assumed to wane at 3% per year, the number needed to vaccinate increases dramatically (particularly for cervical cancer) and results become highly variable (Table 1, Figure 1 , and online Appendix 2, available at www .cmaj.ca/cgi/content/full/177/5/464/DC2). In a worst case scenario (age at vaccination 12 years, vaccine efficacy 70%, waning vaccine protection 3% per year), the number needed to vaccinate to prevent an episode of genital warts is estimated to be 18 and the lifetime reduction of cervical cancer is 0% (results not shown). The impact of duration of vaccine protection is due to shifts in the age at infection. A vaccine with limited duration is predicted to prevent natural infection at the beginning of sexual activity and move the pool of susceptible people toward higher ages. If the force of HPV infection remains high among older women or progression rates toward cervical cancer are greater among older women, then waning immunity can have an important effect on the number needed to vaccinate. The number needed to vaccinate and the level of uncertainty around the model predictions are greatly reduced with the addition of a booster dose (Table 1, Figure 1 , and online Appendix 2, available at www.cmaj.ca/cgi/content/full/177/5/464/DC2).
The predicted numbers needed to vaccinate are relatively insensitive to vaccine efficacy above 70% and vaccination at age 15 or 20 years (Figure 1) . However, the predicted numbers and related uncertainty increase when "older" women are vaccinated. Predictions for older women depend on the proportion of HPVrelated disease that is attributable to infection at higher ages. The increased uncertainty of predictions among women vaccinated at 25 years of age reflects our limited understanding of the epidemiology of HPV infection and disease in "older" women.
Interpretation
We used a mathematical model to estimate the numbers needed to vaccinate to prevent HPV-related diseases and death and to quantify the uncertainty around the predictions. When vaccine protection is assumed to be lifelong, the predicted numbers needed to vaccinate are low. This prediction reflects the high efficacy of prophylactic HPV vaccination reported in the clinical trials and the fact that the annual incidence of HPV-related diseases remains high in Canada despite current screening programs. However, if the mean duration of protection conferred by HPV vaccination is less than 30 years, the efficacy of the vaccine at preventing cervical cancer is predicted to be limited, unless booster doses are given.
Comparisons of numbers needed to vaccinate between vaccines for different infections or diseases should be performed with great care. Results must be compared using the same timeframe of analysis and with similar outputs (e.g., a case of genital warts is not equal to a case of cervical cancer). For example, on the basis of the results of the FUTURE II randomized control trial, 8 Sawaya and Smith-McCune 13 estimated that 129 women would need to be vaccinated to prevent a case of grade 2 or 3 cervical intraepithelial neoplasia or adenocarcinoma in situ. In contrast, we estimated that between 8 and 43 girls aged 12 would need to be vaccinated to prevent a case of grade 2 or 3 cervical intraepithelial neoplasia (the number depending on the mean duration of vaccine protection). The results differ because our estimates were assessed over the duration of vaccine efficacy, whereas those from Sawaya and Smith-McCune 13 were over the first 3 years following HPV vaccination. Note: CrI = credibility interval, DNP = does not prevent. *Vaccine used in model targets HPV genotypes 6, 11, 16 and 18. †Assuming vaccine efficacy is 95%. ‡Assuming duration of vaccine protection is lifelong. §The mean duration of vaccine protection of 30 years corresponds to a vaccine waning rate of 3.3% per year. ¶If a vaccine that targets HPV types 16 and 18 is used, the number needed to vaccinate to prevent a case of naturally occurring grade 1 cervical intraepithelial neoplasia is predicted to be 6 and genital warts would not be prevented. All other estimates would be identical to those with the vaccine used in the model. **The model predicts that HPV vaccine does not prevent death from cervical cancer but, rather, delays the onset of cancer and thus produces life-year gains.
To put the results of our analysis into perspective, we compared the HPV vaccine with 3 other vaccines (varicella, meningococcal and influenza vaccines) in terms of the number needed to treat to prevent 1 death. For varicella vaccination, we estimated that 34 000 people would need to be vaccinated to prevent 1 death (using mortality rates reported by Brisson and Edmunds 25 and assuming 100% efficacy against the varicella-zoster virus and no waning in protection). To prevent 1 meningococcalrelated death, we estimated that about 21 000 people would need to be vaccinated (using mortality data reported by De Wals and associates 26 and assuming 100% efficacy against types A, C, Y and W135). Finally, we estimated that 5000 people would need to be vaccinated to prevent 1 death from influenza (assuming the vaccine is given to people aged 65 or more).
11 These results are higher than our estimates for the prevention of a death from cervical cancer with HPV vaccination when we assume that the duration of protection is lifelong or that a booster dose is given to women with waning vaccine-induced immunity. However, if vaccine protection is assumed to wane at 3% per year (mean protection 30 years, efficacy 95%), the estimated number needed to vaccinate with HPV vaccine is unlikely to be lower than those for varicella, meningococcal and influenza vaccines. Only 23% and 45% of the model simulations (using the 209 posterior parameter sets) predicted that the number of 12-year-old girls who would need to be vaccinated to prevent 1 HPV-related death would be less than 5000 (number needed to prevent 1 influenza-related death) and 34 000 (number needed to prevent 1 varicella-related death), respectively.
The long-term efficacy for a new vaccine is usually unknown owing to the relatively short duration of clinical trials. Current studies suggest that HPV vaccines used for prophylaxis are highly effective for at least 5 years and that there is no evidence of waning efficacy during that period. 16 However, the long-term duration of vaccine-induced immunity remains unclear. Given the importance of the duration of protection on the effectiveness of HPV vaccination, post-vaccination surveillance of waning efficacy is essential. If the protection of the HPV vaccine does wane substantially, booster shots will likely be required to maintain and lengthen vaccine-induced immunity. Our model predicts that a booster dose would significantly reduce the number needed to vaccinate and would increase the effectiveness of HPV vaccination if waning occurs. However, uptake (coverage) of the booster dose would probably be lowest among women who would need it the most, because they will likely be the same women who are not regularly screened for cervical cancer.
The main limitation of our study is that the model does not account for herd-immunity effects. Previous modelling studies have predicted that, if coverage rates are high, vaccination will produce positive herd-immunity effects. 18, 19, 27 Hence, if high coverage rates are attained (which would be expected in Canada with routine immunization), the population-based number needed to vaccinate will likely be lower than the estimates in our study. On the other hand, if coverage rates are low or if our esti- Canadian data specific to human papillomavirus (HPV) type for infection, cervical intraepithelial neoplasia, cervical cancer and genital warts. These graphs plot the numbers needed to vaccinate to prevent an episode of genital warts and a case of cervical cancer. For the base case, it is assumed that the vaccine efficacy is 95%, the duration of protection is lifelong and the age at vaccination is 12 years. *DNP = does not prevent outcome.
mates are applied only to those who are vaccinated, accounting for herd-immunity effects will have little or no effect on predictions. Our estimates should be generalized only to settings or countries with similar HPV epidemiologic data, because the estimates are dependent on the age-specific background rates of disease. Another limitation is that the number needed to vaccinate was calculated from mean population rates of HPV infection and disease. Hence, it may not represent subgroups within Canada that have different HPV epidemiology and screening rates (e.g., high-risk groups). Finally, we focused on the number needed to vaccinate to prevent an episode of genital warts, a case of cervical intraepithelial neoplasia and a case of cervical cancer because they are currently the most important HPV-related diseases in terms of death and use of health care resources. However, for a complete picture of the potential benefits of HPV vaccination, one should include the predicted number needed to vaccinate to prevent other anogenital cancers, head and neck cancers, and recurrent respiratory papillomatosis.
The main strength of our study is that we performed an extensive fitting procedure and identified multiple parameter sets that reproduced available epidemiologic data, which allowed us to illustrate the uncertainty around model predictions. The wide credibility intervals when efficacy is assumed to wane or vaccination is given to "older" women reflect the uncertainty in the natural history of HPV in older adults and suggest that more research is needed in this area. Although challenging owing to the lack of long-term data, more studies should be focused on quantifying the rate of waning protection following vaccination.
In summary, our model illustrates the potential benefit of HPV vaccination by combining both the effect of vaccine efficacy and the background incidence of HPV-related disease. Our model predictions suggest that prophylactic use of the vaccine against HPV types 6, 11, 16 and 18 has the potential to significantly reduce the incidence of genital warts, cervical intraepithelial neoplasia and cervical cancer. However, the benefits (particularly in terms of cervical cancer reduction) are highly dependent on the duration of vaccine protection, on which evidence is currently limited. Recommendations regarding HPV vaccination should take into account the uncertainty regarding long-term vaccine efficacy. If mass HPV vaccination is implemented, cervical cancer screening must continue among vaccinated women, and careful long-term post-vaccination surveillance of vaccine fficacy will be essential.
